In this study, a new type of filamentous structures consisting of a generation 9 poly(amido amine) dendrimer (G9) and CdS is reported. The linearity of the interconnected dendrimers is a result of the electrostatic repulsion between the multiply charged dendrimer macroions. Structures have been investigated by dynamic light scattering (DLS) and transmission electron microscopy (TEM). The internal structure of the CdS-fibers reveals information on the mechanism of the fiber formation. In contrast to previous systems with smaller generation poly(propylene imine)-dendrimers, Cd 2+ is here found to be responsible for the interconnection of G9. Furthermore, more complex supramolecular structures were built by associating the CdS-dendrimer hybrid fibers with different ionic dyes, displaying the versatility of this system for future nanotechnology applications such as optoelectronics or energy conversion.
Introduction
In terms of miniaturizing devices modern technology makes more and more use of nanostructured systems and developing concepts for their creation, for example by self-assembly, becomes more and more important. 1 One dimensional (1D) nanostructures are of particular interest for electronic and optoelectronic applications, such as nanowire field-effect transistors 2 or multicolor nanophotonics with 1D silicon and 1D semiconducting nanocrystals. 3 Also spherical nanoparticles can form 1D structures via self-assembly and show promising properties for biomedical applications. 4 Fibroid structures can be applied to diverse purposes, for example water purification by nano-fibrous membranes made of polysaccharide. 5 Nevertheless, the production of 1D structures is rather challenging, as shape, size and monodispersity have to be controlled. Different strategies are possible to achieve anisotropic growth. Several nanolithographic techniques are accessible, 6, 7 which are, however, rather cost intensive and difficult to scale up. Therefore, high potential lies in the development of wet chemical synthesis strategies to prepare the desired structures. Various template-directed syntheses, 8 including filamentous viruses, 9 have been reported, as well as kinetic control over the morphology via appropriate capping agents 10 and selfassembly of nanoparticles. 11 In terms of self-assembly, recently the possibility of dendrimeric macromolecules to assemble into fibrous structures under certain reaction conditions has been shown. The process of fiber-formation with poly(propylene imine) (PPI) dendrimer of the fourth generation (G4) and cadmium acetate was discussed by Fahmi et al. and Garzoni et al. 12, 13 On the one hand, a mechanism was proposed which is based on the flexibility of the G4 dendrimer becoming interconnected by Cd 2+ , yielding fibers that can subsequently be turned into chains of CdSe nanoparticles connected by dendrimer macromolecules. 12 On the other hand, Garzoni suggests that the reason for fiber formation lies in the hydrophobic effect of the acetate counterion, which induces anisotropy within the dendrimer. 13 In the present study a system of a poly(amido amine) (PAMAM) dendrimer of the ninth generation (G9) in combination with cadmium nitrate and sodium sulfide was investigated, yielding fibrous structures. Subsequently, the fibers were further interconnected by ionic dye molecules leading to a novel type of ternary nanoparticle-dendrimer-dye supramolecular structure. It should be pointed out that in the system investigated herein the hydrophilic nitrate is used as the counterion in combination with a spherical G9 dendrimer not exhibiting the flexibility of a G4 dendrimer. Hence, due to component polarity and building block size and flexibility, a fundamentally different origin of the fiber formation than suggested previously must exist in the system investigated here.
Experimental

Materials
The poly(amido amine) dendrimer of generation 9 (G9) was supplied by Dendritech, Midland, MI and all other chemicals were purchased from Sigma-Aldrich. The azo dye Ar26 was purified prior to use via recrystallization (96%). To remove dust-particles for the light scattering measurements, the deionized water was filtered Department of Chemistry and Pharmacy and Interdisciplinary Center for Molecular Materials (ICMM), Friedrich-Alexander-University Erlangen-Nürnberg, Egerlandstraße 3, 91058 Erlangen, Germany. E-mail: franziska.groehn@fau.de with two cellulose acetate membranes in a row, which had a pore size of 0.22 mm.
Sample preparation
Aqueous stock solutions of all chemicals were prepared without further adjustment of the pH value. The Na 2 S solution was always at maximum one day old and was stored at 4 1C. The CdS-fiber samples were prepared by first mixing aqueous solutions of G9 PAMAM dendrimer with Cd(NO 3 ) 2 at room temperature via stirring at 990 rpm. This solution had concentrations of c(G9) = 2.3Â10 À6 mol L À1 and c(Cd(NO 3 ) 2 ) = 9.6 Â 10 À4 mol L À1 and was stirred for 15 minutes before a freshly prepared aqueous solution of Na 2 S was added to mineralize CdS nanoparticles, giving slightly yellow solutions with a final volume of 1-3 mL. The final sample had concentrations of c(G9) = 1.7 Â 10 À6 mol L À1 , c(Cd(NO 3 ) 2 ) = 7.1 Â 10 À4 mol L À1 and c(Na 2 S) = 1.1 Â 10 À3 mol L À1 . The interconnection with dye was usually performed by diluting the fiber-sample and adding appropriate amounts of dye via stirring at 990 rpm, giving a final concentration of c(G9) = 2.0 Â 10 À7 mol L À1 .
Methods
Light scattering. The measurements were performed at an instrument which was equipped with a red HeNe laser (l = 632.8 nm; 20 mW), an ALV 5000 correlator with 320 channels (ALV GmbH, Langen, Germany) and an ALV CGS 3 goniometer. The measurements covered an angular range of 301 r y r 1501. The intensity autocorrelation function g 2 (t) was for each angle transferred into the electric field autocorrelation function g 1 (t) via the Siegert relation. The electric field autocorrelation function g 1 (t) was successively transformed into the distribution of relaxation times A(t) by a regularized inverse Laplace transformation using the program CONTIN developed by S. Provencher. 14 From the distribution of relaxation times the apparent diffusion coefficient was calculated and via extrapolation to zero scattering vector square the diffusion coefficient was obtained, with which via Stokes-Einstein relation the hydrodynamic radius was calculated. To suppress the polyelectrolyte effect, the measurement of the pure G9 dendrimer and the G9 + Cd(NO 3 ) 2 sample ( Fig. 2) were performed in a 0.14 mM NaCl solution.
UV-Vis spectroscopy. Absorption spectra were recorded on a SHIMADZU UV Spectrophotometer (UV-1800) with a slit width of 1.0 nm. For all measurements 10 mm quartz cuvettes were used. The size determination of CdS nanoparticles was performed via the Henglein equation [15] [16] [17] through the tangent at the onset of the absorption.
Fluorescence spectroscopy. Emission measurements were recorded using a FluoroMax-3 from Horiba Scientific (excitation wavelength l = 350 nm).
TEM. The transmission electron microscopy (TEM) images were acquired with a Zeiss EM 900 microscope, operated at 80 kV at magnifications ranging from 20 000Â to 250 000Â. The specimens were prepared by depositing 5 mL of the diluted sample solution onto carbon-coated copper grids, 300 mesh, and air-dry the grids.
Results and discussion
The CdS-fibers are prepared by first mixing aqueous solutions of G9 PAMAM dendrimer with Cd(NO 3 ) 2 at room temperature. This solution is stirred for 15 minutes before a freshly prepared aqueous solution of Na 2 S is added to mineralize CdS nanoparticles. After the addition of Na 2 S the solution turns slightly yellow and the formation of CdS nanostructures can be confirmed with UV-Vis and fluorescence spectroscopy (Fig. 1a ). The fibers are investigated with dynamic light scattering (DLS, Fig. 1b ) and transmission electron microscopy (TEM, Fig. 1c and d ). The DLS measurement results in two radii of 11 nm and 100 nm and the TEM measurement shows 2-10 nm thick fibers of several hundred nanometer to micrometer length.
Insight into the structure formation and the origin of the fibrous architecture can be gained by variation of the composition parameters and preparation route. It turns out that the final concentration of the G9 has to be at least 1.5 Â 10 À6 mol L À1 . Below that concentration, no fibers are formed, but solely single CdS particles result that are stabilized by the dendrimer. With higher concentrations of G9 (tested up to c(G9) = 1.1 Â 10 À5 mol L À1 ) the concentration of the fibers increases, 19 but the structure of the fibers itself does not change. Thus, the structure is determined by the building blocks and not (entirely) kinetically. Interestingly, when Na 2 S is added prior to Cd 2+ , no fibers are formed. This shows the important role cadmium plays in the interconnection of the dendrimer. In addition, the ratio between the Cd salt and the dendrimer plays a decisive role. The coordination loading ratio of Cd 2+ to G9 is herein defined as the ratio of four times the molar concentration of cadmium to the molar concentration of the primary amine groups of the dendrimer:
This is due to the fact that four primary amine groups of the dendrimer coordinate to the Cd 2+ . 20, 21 The coordination loading ratio of the cadmium nitrate to the G9 dendrimer was changed from 0.6 to 1.4. At a loading ratio of l coord (Cd/G9) = 0.6, again only single CdS particles are stabilized by the dendrimer. Starting with a loading ratio of l coord (Cd/G9) = 0.8, filamentous structures can be seen in TEM measurements after the mineralization of CdS with Na 2 S solution. With further increasing the loading ratio, larger structures can be found with light scattering measurements. The thickness of the fibers stays constant, only the length and with that, the overall size of the fiber bundles increases, as can be detected by TEM. At all investigated loading ratios there is free CdS-loaded dendrimer present in solution, which is visible in TEM. With higher loading ratio of cadmium nitrate to G9, this coexisting free dendrimer forms aggregates additionally to the fibers. This trend can also be observed with DLS (see Fig. 1b ). The first distinct peak at small decay time is due to free dendrimer and aggregates out of these, whereas the second peak at larger decay times is caused by the fiber bundles. Both species increase in size with increasing loading ratio, the aggregates increase from 8.5 nm to 22 nm and the fiber bundles from 94 nm to 119 nm (not shown).
To further elucidate the role of the Cd-ions, a combination of G9 dendrimer and the cadmium salt only in solution were investigated: in addition to individual dendrimers (8 nm), also larger structures form, as can be measured with DLS ( Fig. 2a and b ).
As the loading ratio of Cd to G9 has to be at least l coord (Cd/ G9) = 0.8, the primary amine outer ''shell'' of the dendrimer evidently has to be nearly fully coordinated with Cd 2+ before fibers can form. Upon coordination the primary amine groups release their proton, as coordination is more favored than protonation. As a consequence, the nearly fully coordinated outer shell of the dendrimer carries only half the number of charges than without Cd 2+ . (Four initially singly charged amine groups coordinate to one Cd 2+ ; i.e. four charges convert into two charges.) Additionally, the ionic strength increases upon addition of Cd(NO 3 ) 2 . Therefore, the overall charge of the dendrimer is screened and the macroions approach each other much closer than before the addition of the cadmium salt. Thus, upon random collision, the Cd 2+ can interconnect two dendrimers. When more dendrimers come into contact, interconnection proceeds. A linear chain forms, because all dendrimers are multiply charged and therefore repel each other. The largest distance between all interconnected dendrimer macroions can result from the formation of linear chains (Scheme 1).
To determine the role of the counterion, in a further experiment CdCl 2 was used as the Cd 2+ source. Similar fiber structures were obtained with CdCl 2 after the addition of Na 2 S, proving that not the kind of counterion but only the cadmium and the existence of any kind of screening counterion is important in this system. The influence of the ionic strength and thus screening of the dendrimer macroions can be elucidated by the addition of NaCl to a solution of G9 and Cd(NO 3 ) 2 . The scattering intensity in light scattering experiments increases with increasing amount of added salt. This can be understood in the way that the G9 can come more easily into contact with each other Fig. 1 Investigation of CdS-fiber samples: (a) absorption and emission spectrum of a CdS-fiber sample with l coord (Cd/G9) = 0.9. The size of the CdS particles can be determined with the tangent at the onset of the absorption to d = 2.4 nm. The emission maximum is at l em = 540 nm (l exc = 350 nm). 18 (b) Dynamic light scattering: electric field autocorrelation function g 1 (t) with distribution of relaxation times A(t) at a scattering angle of Y = 901 for a sample with l coord (Cd/G9) = 1.0. The smaller peak is due to free dendrimer and small aggregates, the larger peak is caused by fibers. 
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and interconnects more, resulting in a higher scattering intensity. If no sulfide is added to a solution of G9 and Cd 2+ , the interconnection of the dendrimers continues until, (within few days), the sample precipitates. Upon addition of Na 2 S, CdS nanoparticles are formed and the Cd 2+ is no longer able to interconnect the dendrimer any further. Thus the growth is stopped and the sample is stable in solution. At higher loading ratios of Cd to G9 more counterions are in solution, increasing the screening effect. Therefore not only are more and longer fibers formed, but also additional undirectional aggregation takes place, as can be seen in DLS and TEM measurements (not shown).
Discussion of the fiber structure
At all investigated loading ratios where fibers are formed, one can find two coexisting kinds of fibers. On the one hand there are thick and rather inflexible ''double-fibers'', which appear to consist out of two fibers lying in very close proximity next to each other (on the left side in Fig. 3 ) and on the other hand there are rather thin and quite flexible single-fibers (on the right side in Fig. 3 ). The visible thickness of these threads is about 2-3 nm, thus in the size range of single CdS nanoparticles (size determination via UV-Vis spectroscopy, see Fig. 1a ).
Single-fibers. In some spots in the TEM picture of Fig. 3 a single-fiber appears to wrap around the G9 dendrimer, which has a size of 13 nm (red arrows). The CdS likely forms near the surface of the dendrimer, as Cd 2+ mainly interacts with the primary amine groups. 22, 23 As the G9 dendrimer with 13 nm is quite large compared to the visible CdS particles (2-3 nm), it is impossible, due to steric reasons, that only one CdS particle is attached to one dendrimer in the chain. Fahmi et al. 12 gave an interpretation of a conformational change towards a more anisotropic dendrimer structure in a system with generation 4 PPI dendrimer. This, however, is not possible in the system investigated herein: due to the size and the strong branching of a ninth generation dendrimer, the G9 is not as flexible and therefore, unlike smaller generation dendrimers, retains its spherical shape 24, 25 where it is impossible to locate all primary amino groups on the poles of the dendrimer. An interpretation given by Garzoni et al. 13 is based on the counterion acetate from Cd(CH 3 COO) 2 , introducing anisotropy to the generation 4 PPI dendrimer due to hydrophobicity and thus causing fiber formation. As in the present study nitrate was used as counterion, having no hydrophobic properties, this cannot be the case here either. Most importantly, the structure of the CdS fibers found here rules out the previously suggested explanations. The width of the threads is much smaller than the G9 dendrimer and the distance between the single CdS particles is also smaller than the diameter of G9 (from continuous fiber to max. 7 nm, diameter of G9 = 13 nm). The only plausible explanation for the fiber structure found herein is that the fiber growth proceeds along the surface of one G9 molecule to the next one, forming a kind of CdS ''backbone'', consisting of CdS nanoparticles. The conformational change of the G9 dendrimer is small but sufficiently high, so that a straight fiber of CdS particles can form without the curvature of G9 being visible everywhere. This is confirmed by TEM pictures of a stained sample ( Fig. 4a and b ), TEM pictures of higher magnification ( Fig. 4c and 5c ) and illustrated in the following scheme (Fig. 4d ). In Fig. 4a the TEM picture of a fiber sample is shown, which was stained with phosphotungstate Na 3 PW 12 O 40 . Fig. 4b shows the proposed positions of the G9 macromolecules in relation to the CdS fiber.
Double-fibers. The second kind of fiber, coexisting with the thin flexible ones are thicker and rather inflexible doublefibers, which appear to consist out of two fibers lying in very close proximity next to each other. The visible thickness of the double-fibers ranges from 4 nm to about 10 nm. The majority lies in the range of 7 nm. The gap between the two fibers amounts from a maximum of 4 nm to zero where the two fibers fuse into one. The diameter of one G9 molecule in solution is about 13 nm. This could mean that both threads in the double fibers run along the same G9 molecules, aligned as a chain of beads. So theoretically, the maximal gap between the two fibers could be 7 nm (assuming 3 nm large CdS particles, embedded oppositely in the surface of 13 nm large G9). The observed smaller gap of 4 nm and the smaller total thickness of 10 nm instead of 13 nm might be understood by the shrinkage of the G9 upon drying on the TEM-grid surface. The merge of the two fibers, which is observed quite often (see also Fig. 3 ), can be understood by a twist of the fiber chains as illustrated in Fig. 5d . Thus the two CdS fibers lie on top of each other and are visible as only ''one fiber'' with slightly higher contrast.
To understand why the CdS particles are not randomly distributed over the G9 surface, but lie in a line one has to consider different effects. At first Hamaker interaction (the van der Waals interaction in colloidal systems) leads to attraction of Scheme 1 Schematic representation for the preferred linear chain formation of G9 and Cd 2+ due to electrostatic repulsion between the multiply charged G9 macroions. the CdS nanoparticles. 26 Next, the stabilization of the CdS surface with primary amine groups has to be considered as this is presumably the reason for the small size (2-3 nm) of the single CdS particles. The primary amine groups in the vicinity of a CdS particle are bound to its surface. The next CdS particle tends to be close to the first one (due to Hamaker interaction) which leads to a decrease in the amount of primary amine groups in between these two particles. Therefore a third and fourth particle can be better stabilized by amine groups at the longitudinal ends and not in the region where the first two particles are close. This results in the CdS particles arranging in line. A further effect that might play a role could be the counterion distribution around the dendrimer. 27 Once the first particle has formed, the Cd 2+ charges are neutralized in this area. Therefore the ionic strength in vicinity of the CdS is weaker than at the rest of the macromolecule. This facilitates the S 2À ions to come into contact with further Cd 2+ ions to form the next CdS particle. The formation of the first CdS particle of each G9 dendrimer most likely takes place somewhere at the equator of the G9. At the poles, where the G9 is interconnected to the next G9 macromolecule, the Cd 2+ has a chance to be higher coordinated and is thus more strongly bound. Also due to steric effects it is unlikely that CdS crystallizes there first. Thus, the CdS chain starts at every G9 dendrimer near the equator and proceeds towards the poles. Due to the spherical shape of the dendrimer, the CdS chain segments can meet at the poles and form a continuous CdS-particle-fiber.
Thus, the mechanism of the CdS fiber formation can be understood by the following steps: first the interconnection of single G9 by Cd 2+ takes place. The electrostatic repulsion between the single G9 polyelectrolytes causes the linearity of the assemblies. After addition of S 2À , CdS nanoparticles form along the preformed linear structure proceeding along the surface of the dendrimer due to Hamaker interaction and possibly primary amine group a decrease in the amount, counterion interaction and geometric effects. Where the concentration of Cd 2+ is higher due to slight inhomogeneity the CdS nanoparticles form on opposing sides of the G9 resulting in stiffer double-fibers.
It cannot be fully excluded that the CdS nanoparticles are in some places grown together within the fiber structure. From TEM images with high magnification, intermissions and single particles are visible in many places along the fibers, as can be seen in Fig. 4c  and 5c , confirming the fiber formation as described above.
Interconnection of fibers with an ionic dye
For functional applications for example in catalysis or solar cells it is often desirable to combine more than two components in a composite nanostructure, preferably through the facile and 
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versatile route of self-assembly. As we have reported previously, it is possible to form binary supramolecular structures from polyelectrolytes and multivalent oppositely charged dye molecules. 28 Currently we could show that the principle can be extended to dendrimers containing an inorganic nanoparticle. 29 It is now of high interest whether the approach of ionic-dye-interconnection can be transferred to the much larger and already more complex CdS-dendrimer hybrid fibers. On that account the fibers were combined with the divalent anionic dye Acid Red 26 (Ar26) and the resulting supramolecular structures were investigated. The loading ratio between a charged dye and the dendrimer is defined as the molar concentration of charges of the dye to the molar concentration of charges of the dendrimer:
At rather low ratios between Ar26 and G9 (l(Ar26/G9) = 0.5) the radius of the structures decreases in comparison to the pure fibers from R h = 151 nm to R h = 73 nm. This is rather unexpected, as an interconnection of the fiber structures should lead to larger supramolecular assemblies. But in TEM it becomes evident that the dye causes the fibers to conglobate and that the free dendrimer, which coexists with the fibers, is also interconnected to rather spherical assemblies as can be seen in Fig. 7a . The width of distribution becomes smaller for the interconnected fiber sample, which can be understood by the coagulation of the fibers resulting in denser and more defined super-structures. Additionally the assemblies of the free dendrimer, which are in the same size range as the conglobate fibers, now also contribute to the scattering intensity, with that narrowing down the width of distribution from s = 0.23 for the pure fiber sample to s = 0.17 for the interconnected sample ( Fig. 6 ).
One can also observe that the thin fiber parts are more agglomerated than the thick double fibers. This is reasonable, as the thin fibers are flexible enough to globe, but the double fibers are rather stiff and cannot bend in such a way and then be hold in this position by the Ar26.
For higher loading ratios of Ar26 to G9 (l(Ar26/G9) 4 0.71) the fibers are connected with each other and form large structures. With DLS large aggregates of R h = 613 nm and a width of distribution of s = 0.3 can be found for l(Ar26/G9) = 0.75. With TEM it becomes evident that the aggregates do not only consist of fibers, but again the free dendrimer constitutes a large part of these assemblies (Fig. 7d ). Even larger assemblies of several micrometers are found in this measurement (Fig. 7c) , as the TEM grid was prepared after the light scattering measurement. It is difficult to obtain stable aggregates consisting out of interconnected fibers, as these structures usually grow with time and start to precipitate after a while. Nevertheless, it is possible to investigate those samples, before they precipitate.
This interconnection behavior is not limited to Ar26, but can also be found for the dye Acid Red 94 (Ar94, also known as Rose Bengal) (see Scheme 2) . The dependence of the hydrodynamic radius of the assemblies on the loading ratio of Ar94/G9 is depicted in Fig. 8 . At loading ratios of 0.2 and 0.35 the sizes of the resulting structures are smaller than the pure fibers. This result is in analogy to the before mentioned Ar26 system, and can be explained with the conglobation of the single fibers. Starting from l(Ar94/G9) = 0.4 the size increases with increasing loading ratio and for l(Ar94/G9) 4 0.6 the sample precipitates after short time. Around l(Ar94/G9) = 0.5 stable aggregates form. Thus, versatile structures are accessible with CdS-fibers and different dyes. The behavior of the system is understood and therefore predictable also for new dyes, expanding the range of possible future applications.
Further, it was tested whether these CdS-fibers can also build the basis of a light responsive system. The dye Acid Yellow 38 (Ay38) is light switchable and upon irradiation transforms from the trans-to the cis-isomer (see Scheme 2). This property can be used to build supramolecular assemblies that respond to irradiation with a change in size as shown previously. 30 In the case of understoichiometric loading ratio no size change of the supramolecular assemblies can be observed upon irradiation, whereas for overstoichiometric loaded samples a strong increase in assembly size is observed, as can be seen in Fig. 9 .
It turned out that the CdS-dendrimer hybrid fibers show a behavior corresponding to the purely organic dendrimer-dye structures. Thus it can be concluded that for electrostatic selfassembly of the CdS-dendrimer fiber system similar possibilities are accessible as for the pure dendrimer, giving rise to various new size tunable multicomponent organic-inorganic supramolecular structures and switchable systems.
Conclusions
In summary, filamentous organic-inorganic hybrid structures can be formed with generation 9 PAMAM dendrimer, cadmium nitrate and sodium sulfide. The cadmium ion is responsible for the interconnection of the polyelectrolytes and the electrostatic repulsion between the dendrimers causes linear structures. With the addition of sodium sulfide, CdS mineralizes along the preformed fiber, resulting in filamentous organic-inorganic hybrid structures. It was exemplarily demonstrated that the remarkable properties of the dendrimer are still accessible, such as the ability to interconnect with various ionic dyes to size tunable assemblies or the interaction with a light responsive dye giving light switchable nanosystems. Thus, various supramolecular systems can be created based on the CdS-dendrimer fibers as a building block. The simplicity and versatility of the preparation of this system offer powerful tools for potential future applications for example in the fields of optoelectronics or solar energy conversion. Scheme 2 Dye molecules used to interconnect CdS-dendrimer fibers to supramolecular assemblies. Fig. 8 Dependence of the hydrodynamic radius of the fiber-dye aggregates on the loading ratio l(Ar94/G9). Fig. 9 Dynamic light scattering on a CdS-fiber sample with Ay38: electric field autocorrelation functions g 1 (t) at scattering angles of Y = 601. Black curve: non-irradiated sample, blue curve: same sample after 20 min irradiation at l = 380 nm. Sample specifications: l(Ay38/G9) = 2.5; l coord (Cd/G9) = 0.9.
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